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1.0 Background

The Jovian aurora is the most powerful aurora in the solar system, over 100 times more

powerful than the Earth's aurora. These magnificent visL_al displays can provide important

information about the planetary magnetosphere which is responsible for the acceleration of

energetic particles that produce aurora at any planet. Similarities and differences in planetary

auroral emissions are thus a viable means of classifying and studying both comparative

atmospheric and magnetospheric processes. For instance, at Earth the solar wind is the primary

source of auroral power while at Jupiter it is conjectured that the rotation of the planet is the

major source of magnetospheric and auroral power. One indicator of this difference may be the

type of precipitating particle responsible for the aurora. At Earth electrons play the major role

while at Jupiter many researchers suspect that heavy ions (sulfur and oxygen) are the dominant

auroral particles. Observations can be used to determine the identity of the particles, but in a

subtle and complex way. Observations in one wavelength band such as the ultraviolet are to first

order the same whether the exciting particles are electrons or ions. Yet Jupiter's aurora emits

across a huge dynamic range from X ray to radio wavelengths and by combining this information

important new insight into the identity of the particles and the energization processes responsible

for their acceleration may be possible. However, to extract this intbrmation it is necessary to

construct a model that with specified inputs from either ion or electron precipitation which is

capable of calculating the observed output at X ray, ultraviolet, and infrared wavelengths. The

purpose of this IR project was to develop such a model: 1) for use in interpreting the existing

set of multispectral observations of Jupiter's aurora and 2) to design new experiments based on

the findings to improve understanding of the underlying auroral processes.

2.0 Approach

The project plan was to use existing models of ultraviolet auroral emission signatures

from both electrons and ions that had been previously developed by the Principal Investigator and

his coworkers (produced in previous years under this NRA project) and add to them the

capability for calculating the associated X ray and infrared emission processes. Significant

upgrade to the aeronomical data associated with ultraviolet emission processes and the energy

range coverage of the superthermal electron transport computer code were also completed as part

of the proposed work plan. In addition, a new computer model to calculate the Doppler-shifted

Lyman alpha production due to precipitating protons was used for quantifying the auroral proton

precipitation. Heavy ions were modeled as well, using codes developed in past year under this

program. Appropriate inputs for particle energies and fluxes were determined using the results

of over 10 years of Jupiter auroral observations with the NASA/ESA International Ultraviolet

Explorer satellite. These inputs included the observed changes in auroral activity that occur as

a function of the rotational phase of the planet. The model was run in a time dependent manner

to characterize the emission changes as a function of incoming particle identity, energy, and flux

and associated rotational phase. Calculations were performed on a CRAY YMP through a grant

from the University of Illinois NSF/NCSA supercomputer facility. Finally, the model results were

compared to new observations in the ultraviolet (Hubble Space Telescope) and X ray

(Roentgensatellite) obtained by the PI as a co-Investigator on Guest Observing programs.



3.0 Accomplishments

The specifiedmodificationsto the model provide for time-dependent(rotationalphase)
calculationsof multiwavelengthauroralemissionwhich canbecomparedto existingandfuture
observationaldatasets.The calculatedemissionsinclude X rays (K-shell for heavy ions and
Bremsstrahlungfor electrons);Lymanalpha(high resolutionline shapes),H2LymanandWerner
bandultravioletemissions;H3+ vibrational and rotational emissions, and hydrocarbon (CH 4, C2H2,

and C2H 6 ) vibration rotation emissions in the infrared. These calculations can be carried out for

precipitating particles (electrons or heavy ions) with arbitrary energy distributions and influx

intensity. Results to date have been compared to: 1) the ROSAT X ray observations of Jupiter

to determine the role of Bremsstrahlung electrons, 2) the ultraviolet measurements of IUE and

HST to examine the spectral and intensity changes as a function of planetary rotational phase 3)

the comparison of Lyman alpha model profiles with IUE observations to determine the relative

role of protons in the aurora, and 4) the NASA Infrared Telescope Facility measurements of H3÷

and hydrocarbons. Particularly noteworthy are the comparisons with NASA Hubble Space

Telescope measurements and NASA/ESA Ulysses Jupiter flyby data. Adaptations of the model

to the Saturn system will also be undertaken to support the wide range of NASA Cassini

activities presently being carried out at SwRI.

The purpose of the final report is to report the technical findings of the project. Four talks

were given on the initial modeling project: 1) a talk on electron Bremsstrahlung X ray production

at the annual American Astronomical Society, Division of Planetary Studies meeting in October

of 1990 in Charlottesville, Virginia, 2) a poster on proton precipitation at the May, 1991

American Geophysical Union meeting in Baltimore, Maryland, 3) an invited paper on multi-

spectral time dependent modeling at the International Union of Geodosy and Geomagnetism in

Vienna in August of 1991, and 4) a paper entitled "Jovian Bremsstrahlung X Rays: A Ulysses

Prediction" at the annual meeting of the Division of Planetary Studies of the American

Astronomical Society held in Palo Alto in November of 1991. The tburth paper predicted the

Jovian auroral X ray flux that should be measured by the Ulysses Gamma Ray Burst experiment

during the Ulysses spacecraft's closest encounter with Jupiter in February of 1992. This paper

generated much interest from people studying the Jovian aurora and from experimenters on the

Ulysses spacecraft. As a result of this interest two things happened: 1) a paper of the same title

was submitted and accepted for publication in the January issue of the Geophysical Research

Letters, and 2) a massive observing campaign was organized to provide supporting ultraviolet and

infrared observations at the time of the Ulysses encounter. This observational interest allowed

personnel at SwRI (Alan Stem, PI; Hunter Waite Co-I) to obtain director's discretionary time on

the Hubble Space Telescope to support the Ulysses encounter by obtaining ultraviolet

observations. The multiple wavelength observations obtained during the Ulysses encounter in

February were analyzed using the auroral model developed under this project and the exciting

new results were reported in two invited papers that were presented this summer: I) the

Magnetospheres of the Outer Planets Goertz-Smith Memorial symposium held at UCLA June 22-

26, 1992 and 2) the International Workshop on Variable Phenomena in Jovian Planetary Systems

held in Annapolis, MD July 13-16, 1992.
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4.0 TechnicalReports

4.1 Model Modifications

Substantialprogresswasmadeto theJovianAurora Model during thecourseof
this project.A generaldescriptionof the modelcan be found in Waiteet al. [1983]. Specific
improvementsincorporatedinto themodel include thefollowing:

Newcrosssectionsfor electronimpacton I-I2areusedfor calculatingtheresulting
dissociationandexcitationstatesof H2and its products.

Refinedenergybudgetfor the production and loss of heat in the atmosphere,
includingdissociative,rotational,andvibrationalexcitationof H2,consistentwith
the newelectronimpactcrosssectiondata.

Preliminary calculation of infrared emissions from the molecule, H3÷, for

comparing to recent observations of Jupiter's auroral region at these wavelengths.

An improved temperature-pressure relationship has been constructed subject to

recent observational constraints at three altitudes in the Jovian atmosphere.

The production of bremsstrahlung X rays from precipitating auroral electrons

within Jupiter's atmosphere for comparison to recent observations.

In this report, these five areas of improvements will be discussed in detail as they

have not already been covered in the attached papers.

4.1.1 New Electron Impact Cross Sections for H 2

The auroral electron distributions as a function of altitude and energy are

found by using a two-stream electron transport code tbr Jupiter as described in Waite et al.

[1983]. At non-relativistic energies (below 10 keV), the electron-induced Hz ultraviolet band

emissions are calculated using the most recent cross sections of Ajello et al. [1984] and

Shemansky et al. [19851. Emissions from the singlet (B, B', and C) and triplets (B", D, and D')

states are calculated, as well as the cascade contributions to the Lyman band from the E, F states.

The Lyman band system arises from (B-X) transitions while the Werner band system is produced

by (C-X) transitions. Additionally, dissociative excitations (both direct and predissociation) of H2

are important in the accounting of the total cross section and the overall energy budget. These

dissociations have been included in the present model and give rise to Lyman a and Lyman 13

emissions. It is well known that there are two distinct groups of energy distributions of H atoms

formed on dissociative excitation of I-I2. These groups are referred to as "fast" and "slow", with

energy peaks at about 4 and 0.3 eV, respectively. To calculate these groups, we have used the

recent cross sections of Ajello et al. [1991] with the most recent corrections for absolute

laboratory reference calibration at 100 eV from Gladstone [private communication, 1991]. We

have begun a collaboration with Dr. R. Gladstone (UCB) who used our model results as input

to his radiative transfer model to compute the Lyman o_intensity distribution in the Jovian aurora

region.
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At electronenergiesgreaterthan 10keV andup to 2 MeV, therelativistic
H2crosssectionsof Garveyet al. [1977] havebeenemployed(usingclarificationsby Porteret
al. 1976).Also includedwithin this work are cross sectionsfor 16 forbidden statesand the
ionizationcrosssectionthat we calculatein addition to the allowed Rydbergstatesdescribed
above.The relativisticcrosssectionshave beennormalizedto the non-relativisticvaluesat 10
keV to ensureconsistency.Thesebasic datahave beenaddedto the XSECT programwhich
generatesthe crosssectioninformationusedasinput to the Jovianauroraecode.

Opticaldeptheffectshavebeenincludedin themodelwhichattenuatethe
newly producedultravioletemissions.We haveattemptedto accountfor theeffectsof slantpath
through the atmosphereon the emerging ultraviolet radiation that is observed.These new
developmentsarefurtherexplainedin theattachedpaperby Waite et al. [1992].

4.1.2 ImprovedEnergyBudget

The treatmentof the neutralheatingof the atmospherein the model has
beenexpandedto includesourcetermsfor thedirectdissociativeexcitationandpredissociation
of H2from Rydbergandforbiddenlevels.Thecrosssectionsfor theseprocessesareconsistent
with the new data describedabove for the production of the "fast" and "slow" H atom
components.

4.1.3 InfraredEmissionsfrom H3÷

Infrared observationsof the auroral zone of Jupiter are playing an
increasinglyimportantrole in understandingthe natureand morphologyof auroral processes.
Recentobservationsof the global distribution of H3÷emissionsat 2 and 4 _m by Baron et al.
[1991], Kim et al. [1991] and Drossartet al. [1992] contain key information on the current
dissipationand particle precipitationin the upper atmosphere.To this end, we havemade a
preliminaryeffort to includekey infraredemissionsfrom H3*within the Jovianauroralmodel.

Additional H3+chemistrywas addedto thecodeto includethreedistinct
forms of theH3*ion: thenewlycreatedion in a highenergy,linearform; theexcitedform of the
more stablecyclic ion; and the groundstatecyclic ion. Following work of Kim [1988], two
modesof vibration areconsideredwith detailsof the 6 lowest statesincludedin the code.A
preliminary developmentfor the distribution of energy in the nascentH3+ populationwas
implementedusingtheassumptionof local thermodynamicequilibrium(LTE). If radiativeeffects
turn out to be important at higher levels in the atmosphere,then this developmentwill break
downandnon-LTEeffectswill needto beconsidered.This wasoutsidethescopeof this IR and
hasbeenincludedin a new proposalsubmittedto the NASA PlanetaryAtmospheresProgram.

4.1.4 ImprovedT-P Profile in the Auroral Atmosphere

We haveimprovedtheneutralthermalprofile in theJovianauroralregion
that is usedin the modelby consideringrecentobservationsin the infrared,ultraviolet,and X
ray. Previously,we haduseda thermalprofile appropriatefor theJovianequatorialregionbased
onVoyagerobservations.Thenewprofile is thefirst attemptat characterizingtheauroralthermal
structure and has drawn considerableinterest in the planetarycommunity. It is basedon
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hydrocarbonemissionsfrom CH4andC2H2observedby VoyagerIRIS in the lower thermosphere
(above1 bar) in the auroral zone[Drossartet al., 1992].This servesas the major sink of heat
from auroralparticleandJouleheatingin theenergybudget.In themiddle thermosphere( 1 to
0.01 _tbarpressurelevel), the neutral temperatureprofile is constrainedby observationsof H2
quadrupoleemission[Kim et al. 1990].This regionof theatmosphereis a pivotal point tbr the
thermalstructureandhelpsto definethe thermalgradientandconductiveheat transportwithin
the atmosphere.Thethird and lastconstrainton the thermalprofile is in theupperthermosphere
(pressuresbelowabout0.01ktbar)andis dueto infraredemissionsfrom theH_÷ion [Drossartet
al., 1992]. Its density and necessaryheatingare intimately linked to the region of particle
precipitationand,thus,aidsin characterizingthesourceof theauroralparticleheating.We have
joined thesethreeconstraintswith a Batesprofile [Gladstone,privatecommunication,1992]as
aninitial attemptto characterizethethermalstructureof theJovianauroralzone.In collaboration
with Dr. P. Drossart(Obs. de Paris,Meudon), the Batesparametershave beenadjustedfor
consistencytheCH4bandemissionin the auroralzone.This work waspartially reportedat the
InternationalWorkshopon VariablePhenomenain JovianPlanetarySystemsheld in Annapolis,
MD, during 13-16July, 1992.

4.1.5 New BremsstrahlungX RayCalculations

The scopeof the Jovian auroracode hasbeenexpandedto include the
production of bremsstrahlungX rays by precipitating auroral electrons. The differential
bremsstrahlungcrosssectionsweretakenfrom thework of KochandMotz [1959]who usedthe
nonrelativisticBethe-Heitler tbrmulation, averaged over outgoing photon emission angles. A

variety of analytic forms have been used to describe the electron energy spectrum appropriate for

bremsstrahlung calculations. We use the tbrm suggested by Barbosa [1990],

for the differential electron flux (cmZs_keV _) as it combines the power law behavior with an

exponential high-energy cutoff to the spectrum at the characteristic energy Eo. In other model

calculations we have also employed the simple power law form (without exponential) with

parameters measured from the recent Ulysses encounter with Jupiter [Cravens, private

communication, 1992]. X ray atmospheric effects have been included in the model but were less

than 10% at all photon energies above 100 eV for all primary electron beam energies considered

in our preliminary calculations.

In a preliminary model, calculated electron beams that are consistent with

10 years of IUE ultraviolet observations [Livengood and Moos 1990] have been used to compute

bremsstrahlung X ray fluxes. These calculations served as a predictive data set for the Ulysses

GRP observations. A more complete description is given in the attached paper [Waite et al.

1992]. As an update to this paper, the Ulysses encounter with Jupiter in May, 1992 did not yield

data with sufficient signal-to-noise ratio to compare with our model predictions.
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4.2 Model Results

Two papers have been published in refereed journals reporting the work and three

more are presently in preparation. The abstract lbr each paper is presented below and the

complete publication can be found in the appropriate section of the appendix.

4.2.1 Comment on "Bremsstrahlung X Rays from Jovian Auroral Electrons"

The subject of this comment is a recent paper by D. D. Barbosa in which

it is argued that Electron bremsstrahlung is the most likely source of the auroral X ray emissions

that have been observed at Jupiter [Barbosa, 1990]. Barbosa bases his argument on observational

and theoretical studies of the production of secondary electrons in the Earth's aurora. As this

comment will show, however, Barbosa's interpretation is flawed because it ignores the constraint

that the primary electron distribution parameters place on the parameters for the secondary

electron distribution. As a result, Barbosa's postulated secondary electron fluxes are over 3 orders

of magnitude greater than the theory of auroral electrons permits. (see Appendix A)
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4.2.2 "JovianBremsstrahlungX Rays:A UlyssesPrediction"

TheJovianaurorais themostpowerfulplanetaryaurorain thesolarsystem:
to date, however, it has not beenpossibleto establishconclusively which mechanismsare
involvedint heexcitationof theauroralemissionsthathavebeenobservedat ultraviolet,infrared,
andsoft X ray wavelengths.Precipitationof Iogenicheavy sulfur andoxygenions,downward
accelerationof electrons along Birkeland currents, and a combination of both of these
mechanismshave all beenproposedto accountfor the observedauroral emissions.Modeling
results reportedhere show that precipitating auroral electronswith sufficient energy to be
consistentwith theVoyagerUVSobservationswill producebremsstrahlungX rayswith sufficient
energyandintensityto bedetectedby the SolarFlareX RayandCosmicRay BurstInstrument
(GRB) on boardtheUlyssesspacecraft.The detectionof suchbremsstrahlungX raysat Jupiter
would providestrongevidencefor theelectronprecipitationmechanism,althoughit would not
rule out the possibility of someheavy ion involvement, and would thus makea significant
contributiontowardsolving the mysteryof theJovianaurora.(seeAppendixB)

4.2.3 "The Role of Proton Precipitation in Jovian Aurora: Theory and
Observation"

This paperpresentsthedevelopmentof a Jovianproton auroramodel. It
utilizes thecontinuouslossmethod,andlocal chargestateequilibrium of the ion/neutralbeam
at eachaltitudein conjunctionwith themore recentcrosssectionsfor Lyman alphaproduction
by energetichydrogenand protonsto calculatethe expectedLyman alphaspectralline profile.
Particle energyspectraconsistentwith thosemeasuredby the Voyager Low Energy Particle
Telescope(LEPT) in the Jovianmagnetospherewerethenusedasinputsand themodel results
comparedto InternationalUltraviolet Explorer Lyman alpha line profile data at high Jovian
latitudes. The comparisonallows an upper limit of 10% to be set for the role of proton
precipitationin producingtheobservedultraviolet aurora. (seeAppendixC)

4.2.4 "Lyman Alpha Line Shapes from Electron Impact Hz Dissociative
Processes in the Jovian Auroral Zone"

The results reported in this paper define the Lyman alpha line profile

generated as a result of electron impact on H2. The primary point of interest is the role of fast

and slow H atoms from dissociative excitation processes in defining the shape of the line profile.

Some comparison to existing IUE Lyman alpha line profiles is also discussed. (see Appendix

D)

4.2.5 "Multispectral Observations of the Jovian Aurora: ROSAT and HST"

Recent results from Hubble Space Telescope (HST) ultraviolet images and

Roentgensatellite (ROSAT) X ray spectral data are reported in this paper. Comparison to previous

observations, modeling of auroral processes, and recent Ulysses/Jupiter in situ data suggest a new

paradigm for Jupiter auroral processes, which is much more Earth-like than previously thought

from Voyager data. (see Appendix E)
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Comment on "Bremsstrahlung X Rays From Jovian Auroral Electrons"

by D. D. Barbosa

J. H. WArrE, JR

Space Sciences Deparlment, Southwest Research Institute, San Antonio, Texas

The subject of this comment is a recent paper by D. D.

Barbosa in which it is argued that electron bremsstrahlung is the

most likely source of the auroral X ray emissions that have been

observed at Jupiter [Barbosa, 1990]. Barbosa bases his argument

on observational and theoretical studies of the production of

secondary electrons in the Earth's aurora. As this comment will

show, however, Barbosa's interpretation is flawed because it

ignores the constraint that the primary electron distribution

parameters place on the parameters for the secondary electron

distribution. As a result, Barbosa's postulated secondary electron

fluxes are over 3 orders of magnitude greater than the theory of

auroral electrons permits.

BACKGROUND

The idendty of the particles involved in Jovian auroral activity

has not been conclusively established and remains a subject of

some controversy, Data relevant to this question comprise both

observations of auroral emissions obtained by remote sensing at

X ray, UV, IR, and radio wavelengths and in situ particle

measurements made by the energetic particle detectors on

Voyager. These data do not permit the identification of any one

single source for the Jovian auroral emissions. The UV data tend

to point to precipitating electrons (in the energy range of 10-50

keV) as the dominant source, while the in situ measurements

reported by Gehrels and Stone [1983] suggest that the

precipitation of energetic heavy ions (oxygen and sulfur ions in

the energy range of 40-1000 keV) plays art important role in

auroral processes. X ray observations have also been interpreted

as evidence for heavy ion precipitation [Metzger et al., 1983].

WaRe et al. [1988] have attempted to reconcile these

interpretations by proposing that both electrons and ions,

depositing their energy at different altitudes and latitudes, play a

role in the production of the Jovian aurora. A definitive answer

to the question of the particles and processes involved in the

production of the aurora at Jupiter, however, will require further

remote-sensing observations in the different wavelength regimes
as well as the measurements to be made by Galileo when it

arrives at Jupiter in early 1992.

LWrERPRETATIONOF THE X RAY OBSERVATIONS

As noted above, further evidence in support of the heavy ion

precipitation process was provided by X ray observations of the

Jovian aurora carried out by Metzger et al. [1983]. The energy

resolution of the Einstein X ray observatory used in the

Copyright 1991 I-,,'the Amedcan Geophysical Union.

Paper number 91JA0? 143.
0148-0227/91/9 l/A-02143 $02.00

observations was not sufficient to distinguish between a

bremsstrahhmg power law distribution and K shell emission line

spectra from sulfur and/or oxygen. However, based on modeling

the K shell and bremsstrahlung mechanisms and their convoluted

response within the Einstein telescope, Metzger et al. [1983]

inferred that the energy required to produce the observed X ray

emission by means of electron bremsstrahlung was unreasonably

large compared with that required by the K shell mechanism and

thus argued in favor of heavy ion precipitation as the source of

Jovian auroral X rays.

The conclusions of Metzger et al. have been called into

question recently by the work of Barbosa [ 1990]. B arbosa states

(p. 14,970) that his

aim is to examine critically the conditions under which the X ray

measur_rtents of Mettger et aL [1983] can be plausibly accounted
for in the framework of an electron-excited aurora. We find that

electron bremsstrahlung gives a most credible explanation of the X

ray data and one which is consistent with electron generation of

UV, infrared, and radio emissions from the auroral regions as well.

The main conclusion drawn from the analysis is that the

precipitating auroral electrons should have a beamlike distribution

in energy which evolves into an isotropic distribution with a bump

on the tail in the maximum emissivity layer. This result implies

the existence of field-aligned potential drops above the auroral

region which give rise to characteristic electron energy spectra
similar to those observed over the terrestrial aurora [Frank and

Ackerson, 1971]. The theory here relies heavily on auroral electron
measurements made at Earth [Rees and Maeda, 1973] and

corresponding theories of such measurements [Banks et al., 1974;

Evans, 1974] for its proper interpretation in terms of primary and
secondary auroral electrons.

The purpose of this comment is to present electron transport

calculations similar to those performed for the terrestrial aurora

by Banks et al. [1974]. These calculations will demonstrate the

inconsistency between the primary and secondary electron

distribution parameters chosen by Barbosa [ 1990]. The decreased

magnitude of secondary electron fluxes that results from

calculations using the transport equations suggests that electron

bremsstraldung is not likely to be the source of Jovian X rays if

terrestrial auroral electron theory is applicable.

MODEL

A self-consistent calculation of the primary and secondary

precipitating electron distributions forms the basis for the two-

stream electron transport calculation used in the present model,

which is derived from a Jovian auroral electron model introduced

by Waite et al. [1983]. The model solves the one-dimensional

chemical diffusion equations for atomic hydrogen, the major

hydrocarbon species CH4, C2H2, C2H4, C2H6, and CH_, and the

major ionospheric species H + and H3". The neutral temperature

19,529



19,530 wArrE:COMMENTARY

structure adopted in the present study is an equatorial profile

determined from the Voyager ultraviolet spectrometer occultation

experiments [Festou et al., 1981]• Although auroral energy input

is expected to modify this profile, there is at present little

indication as to the effects of this input. Furthermore, increases

in the auroral thermal structure produce little change in the

calculations apart from changes in the relative altitude scale of the

atmosphere. Hydrocarbon results are consistent with the recent

work of G. R. Gladstone and M. Allen (private communication,

1990) using an eddy diffusion coefficient at the homopause (Kh)

of 2 x I0 _ em 2 st. However, the presence of hydrocarbons has no

effect on the present work apart from acting as an appropriate

guide in determining the valid range of the primary electron beam

parameters based on the relative absorption of I-[z band emissions

by hydrocarbon species [Livengood et al., 1990]•
The attroral electron distributions as a function of altitude and

energy are found by using a two-stream electron transport code

modified for Jupiter [Waite et al., 1983] and extended to electron

energies of 2 MeV using the relativistic H 2 cross sections of

Garvey et al. [1977]• Input parameters of the primary incident
electron distribution were chosen to be consistent with the cases

A, B, and C that were presented by Barbosa [1990] and are

shown in Table 1. The differential bremsstrahlung cross sections

were taken from the work of Koch and Motz [1959] (formulas

3BN and 1I-6). X ray absorption effects were calculated, but

TABLE 1• Auroral Electron Beam Models

Case parameters

A E_ = (lO keV)

E= = (10 keV)

J*v = los cm'2 sl keVa

J., = 1.9 x 10= em "=s1 key -t

B 8. = (30k_V)

E,,,= (10keV)

J*r = 107 cm'2 s'l keV-t

J= = 2.4 x 107 cana s" keV a

c E.,= 0ookeV)

E.,= (I0 keV)

J_,= I0'cm "zsa key a

J., = 2.8 x l0 s cm "2sa keV 4

Data are from Barbosa [19901. J(E) = J.,(EJE) Te_ + J.,(EIE.,)

e't_r_; T = 2.
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Fig. 1. Plot of the differential electron flux as a function of electron energy• The dashed lines refer to cases A, B, and C from
Barbosa [1990]. The solid lines are from calculations using the two-stream electron transport model of Waite (this paper) with initial
electron fluxes at the top of the atmosphere set by the primary beam parameters of Barbosa's [19901 cases A, B, and C. The small
dropou_ in the modeled electron fluxes are due to discrete changes in the energy bin structure and do not otherwise affect the results.
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were less than 10% at all photon energies above 100 eV for the

primary electron beam cases considered (10 to 100 keV).

RESULTS AND DISCUSSION

The difference between the auroral elec_on distribution at the

altitude of peak auroral energy dissipation and that assumed by

Barbosa [1990] is shown in Figure 1. The Barbesa distribution

is over 3 orders of magnitude different fxom that of the two-

stream electron transport calculation at an elecman energy of 1

keV. The theories of auroral electron measurements [e.g., Banks

et al., 1974] establish a scong correspondence between _e

primary elec_on beam parameters and the secondary beam

parameters, since the secondary electron spectrum iscreatedfrom
ionization by the primary electron beam and the collective

transl_rt of the secondary electrons formed from this process.

This suggests that there exists a strong coupling between the

primary electron beam parameters and the secondary electron
distribution parameters within the context of terrestrial auroral

theory. However, this constraint is ignored in the calculations

that are presented by Barbosa [1990]. Table 1 is a representation

of the auroral electron distribution form and the free parameters

for specifying the primary and secondary electron distribution

function of Barbosa [1990]. The primary electron beam

parameters in Barbosa's study were chosen to represent beth the

total power cons_alnts _md the spectral characteristics of the

observed Hz band emissions [cf. Livengood et aL, 1990]. The

secondary electron dis_bufion parameters were then

independently chosen to satisfy the observed X ray spectrum

[Metzger et al., 1983] while at the same time being loosely

constrainedby the overallpower dissipation of the observed

Jovian auroral emissions.However, this independent specification

of the primary and secondary eleclzon distributions is inconsistent

with theoretiqal [Banks et al., 1974] and observational [Fung and

Hoffman, 1988] characteristics of the terrestrial aurora and

corresponding electron transport calculations of the Jovian aurora
presented in Figure 1.

X ray flux as a function of photon energy as seen from Earth

is shown in Figure 2. The solid lines indicate the two-stream

calculation,and the dotted line+ the calculationsof Barbosa

[1990]. The observational data points of the Einstein Jovian X ray

observationsare shown by the solidcircleswith corresponding

errorbars. The excellentagreementof Barbosa [1990] isdue to

the arbitrarychoice of the free parameters specifying the

secondary electron distribution, the source of contention in the

present comment. Note that the X ray spectrum produced by the

two-stream model is beth harder in spectral content and over an

order of magnitude smaller in X ray intensity in the region of the

Einsmin X ray observations.

Similarcalculationsof the predictedJovianX ray production

I0 4
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I ( !

EINSTEIN X RAY OBSERVATIONS

.... BARBOSA [19901 CALCULATION

--TWO-STREAM CALCULATION
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-11
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Fig. 2. Plot of the Jovian differential X ray flux as a function of photon energy as viewed from an Earth-orbiting observation
platform such as Einstein. The Met_ger et aL [1983] Einstein observations are shown by the data points, and the empirical fit of
Barbosa [1990] by the dashed line. Results of the self-consistent model of Waite (this paper) for input cases A, B, and C are shown
by the solid lines. Again the discrete changes in the energy grid introduce small dropouts that do not otherwise affect the results.
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from bremsstrahhing electrons have also been carried out by M.

Walt (private communication, 1991) using a more sophisticated

model of the electron energy degradation and subsequent X ray

production [Walt et al., 1979]. The agreement between the Wait

(private communication, 1991) and Waite (this model)
calculations is within a factor of 2 at all energies, assuming the

same energetic primary electron spectrum [Barbosa, 1990] and

the same neutral atmosphere model described in this paper.

CONCLUSIONS

Two possibilities appear to exist that could rescue the

brernsstiahlung hypothesis of Jovian X ray emissions: (1) the

auroral electron energy flux during the Einstein observations

exceeded 500 ergs cm 2 s-_, a deviation of over 3 o from the

average value as determined by Livengood et al. [1990], and (2)

the Jovian auroral secondary electron spectrum is enhanced by

over 2 orders of magnitude from that expected from degradation

and ionization from auroral primary electrons; whereas the

terrestrial analog suggests that standard electron transport

calculations explain observations of secondary electrons at Earth

to better than 50% [Fung and Hoffman, 1988]. In addition to the

changes required to increase the amoral X ray intensity to the

desired levels, the calculated bremsstrahlung X ray flux also has

a much harder X ray spectrum than that observed at Einstein.

Preferential forward scattering of electrons at higher energies (not

incorporated in the present calculations, since isotropic emissions

were assumed) would have a tendency to soften the spectrum, but

even so, calculations by M. Walt (private communication, 1991)

indicate that significant modifications to the auroral secondary

electron spectrum would be required to produce the soft spectrum
observed at Einstein.

Therefore the results of the two-stream calculations reported

here suggest that bremsstrahlung X rays are not the likely source

of Jovian X ray emissions. However, Roentgensatellit (ROSAT)

observations obtained in April 1991 [Bagenal et al., 1989] should

help to quantify and clarify the source of Jovian X rays. ROSAT

has over a factor of 2 increase in sensitivity and in energy

resolution in the energy range of interest (up to 2_keV). Clearly,

additional multispectral observations (X ray, UV, IR), modeling,

and in situ particle observations may be necessary to sort out the

source of the Jovian auroral particles.
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JOVIAN BREMSSTRAHLUNG X RAYS: A ULYSSES PREDICTION

J. H. Waite, Jr. t, D. C. Boice _, K.C. Hurley 2,
S.A. Stern _, and M. Somme?

Abstract. The Jovian aurora is the most powerful
planetary aurora in the solar system; to date, however, it
has not been possible to establish conclusively which
mechanisms are involved in the excitation of the auroral

emissions that have been observed at ultraviolet, infrared,

and soft X ray wavelengths. Precipitation of Iogenic heavy
sulfur and oxygen ions, downward acceleration of electrons
along Birkeland currents, and a combination of both of

these mechanisms have all been proposed to account for the
observed auroral emissions. Modeling results reported here
show that precipitating auroral electrons with sufficient
energy to be consistent with the Voyager UVS observations
will produce bremsstrahlung X rays with sufficient energy
and intensity to be detected by the Solar Flare X Ray and
Cosmic Ray Burst Instrument (GRB) on board the Ulysses
spacecraft. The detection of such bremsstrahlung X rays at
Jupiter would provide strong evidence for the electron
precipitation mechanism, although it would not rule out the
possibility of some heavy ion involvement, and would thus

make a significant contribution toward solving the mystery
of the Jovian aurora.

Introduction

The identity of the precipitating particles involved in
Jovian auroral activity is still an open question. In situ
observations of the Jovian particle populations during the
Voyager 1 and 2 encounters furnished evidence for changes
in the radial phase space distribution of energetic heavy
ions which are best explained by ion precipitation [Gehrels
and Stone, 1983]. However, the energy range of the ion
measurements did not go low enough to demonstraie that

heavy ion precipitation could provide the power input
required to explain the ultraviolet emission intensities.
Voyager provided no in situ evidence for electron
precipitation; however, indications of electron acceleration
in Birkeland currents connected to the auroral zone would

only be observable at high latitudes closer to the planet, a
region not accessible to the Voyager spacecraft.

Remote sensing observations also present a mixed
picture. Soft (0.3-3.0 keV) X ray observations of the
Jovian aurora by the Einstein observatory [Metzger et al.,
1983] have been used to argue for heavy ion precipitation.
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The energy resolution of the Einstein X ray observatory was
not sufficient to distinguish between a bremsstrahlung
power law distribution and K-shell emission line spectra
from sulfur and/or oxygen. However, based on modeling
the K-shell and bremsstrahlung mechanisms and their
response within the Einstein telescope, Metzger et al.
[1983] inferred that the energy required to produce the
observed soft X ray emission by means of electron
bremsstrahlung was unreasonably large compared with that
required by the K-shell mechanism and thus argued in favor
of heavy ion precipitation as the source of Jovian auroral X
rays. This conclusion has been substantiated by the recent
electron bremsstrahlung calculations of Waite [1991]. On
the other hand, attempts at observing extreme ultraviolet
emissions from sulfur and oxygen precipitation were

unsuccessful [Waite et al., 19881 and suggested that,
although heavy ion precipitation may indeed be the source
of the soft X rays, heavy ions may not have sufficient
energy flux to account for the bulk of the Hz ultraviolet
emissions observed by Voyager [Broadfoot et al., 1981] and
IUE [Livengood et al., 19901.

Indeed, the H2 Lyman and Werner band emission
intensities and spectral characteristics of the ultraviolet

emissions can be used to set constraints on both the energy
flux and energy distribution of the precipitating particles
[Livengood et al., 1990]. In this paper these constraints are
used in conjunction with modeling techniques to predict the

hard X ray fluxes that are expected to be detected at Jupiter
by the Solar Flare X Ray and Cosmic Ray Burst Instrument
(GRB) as Ulysses makes its closest approach in mid-
February of 1992.

Model

The auroral electron distributions as a function of altitude

and energy are found by using a two-stream electron

transport code modified for Jupiter [Waite et al., 1983] and
extended to electron energies of 2 MeV using the

relativistic H 2 cross sections of Garvey et al. [1977]. The
differential bremsstrahlung cross sections were taken from
the work of Koch and Motz [1959] (formulae 3BN and II-

6). X ray atmospheric absorption effects were calculated,
but were less than 10% at all photon energies above 100 eV
for all primary electron beam energies considered. The

electron transport model also calculates the electron-induced
H2 ultraviolet band emissions using the most recent cross
sections of Ajello et al. [1988] and Shemansky and Ajello
[1988] with the most recent corrections for absolute

laboratory reference calibration [R. Gladstone, private
communication, 1991 ].

The model also solves the one-dimensional chemical

diffusion equations for atomic hydrogen and the

hydrocarbon species CH4, C2H2, C2H_, C2H6, and CH3, and
the major ion species H÷ and H3+. The neutral temperature
structure adopted in the present study is an equatorial

83
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profile determined from the Voyager ultraviolet

spectrometer (UVS) occultation experiments lFestou et al.,

1981]. Although auroral energy input is expected to modify

this profile, there is at present limited information as to the

effects of this input. Furthermore, increases in the auroral

thermal structure produce little change in the calculations

apart front changes in the relative altitude of the

atmosphere. The hydrocarbon density profiles used in this

model are consistent with the recent work of Gladstone e r

al. [1991] and use an eddy diffusion coefficient of 2 x 10 6

cm _-s _ at the methane homopause.

The characteristics of the H2 Lyman and Wemer band

spectra observed in Jovian auroral emissions are

significantly affected by methane and acetylene, which

absorb differentially over the H,_ band's spectral range. The

measure of this differential absorption is the color ratio,

which Livengood et al. (199{)) have defined as the ratio of

the integrated intensities (I) of two wavelength bands:

l(1557-1619A)/I(1230-130(I,_).This ratio can be used to

inter the methane column density above the region of peak

H2 band emissions: since methane is a strong absorber in

the wavelength range 1230 to 13(}0,a, and not in the range

1557 to 16(10,_, a high color ratio indicates a large column

abundance of methane. The methane absorption effects arc

related to the H2 vertical distribution through the specified

eddy diffusion coefficient and thermal structt, re. Electron

energies used in the model to determine bremsstrahlung X

ray lluxes are chosen by inputting electron beams into the

assumed model atmosphere and then selecting the ones that

fit to the observed color ratios li)r CH 4 absorption.

Uncertainty in determining the primary electron beam

energy is introduced by assuming that the eqt, atorial and

auroral regions of the atmosphere have the same vertical

structure. The present uncertainty hinges on our lack of

knowledge about the high-latitude methane vertical strncture

and for the present we simply use the measured near-

equatorial structure inferred from Voyager UVS

measurements [Festou et al., 19811. However, we note that

if Ulysses determines a bremsstrahlung X ray photon

energy spectrum then it will provide an independent

constraint on the precipitating electron energy distribution.

Simultaneot,s ultraviolet observations of the color ratio by

an ultraviolet observatory (such as HST) would thereby not

only allow us to check our modeling assumptions, but

would provide unique information tm the polar auroral

atmosphere.

Anticipated Ulysses GRB Observations

The GRB instrument on Ulysses consists of two

hemispherical shell Csl scintillatnrs coupled to phototubes

for measuring X rays in the range of 20 to 150 keV with

time resolution up to 8 ms. A detailed description of the

instrument can be found in Hurley et al. [ 19921. We have

calculated the Ulysses sensitivity to Jovian X rays from

data accumulated over the first year of operation. During

solar quiet periods, which are characteristic of the majority

of the mission, the 18-1(J0 keV background rate of each

detector is around 200 counts/second; this arises primarily

from the diffuse cosmic X ray background and the

Radioisotope Thermoelectric Generator aboard the

spacecraft. Using the corresponding count rates in the

individual energy channels, and assuming a 100 minute

integration, we obtain the 3 sigma sensitivities given in

Table I and shown in Figure 2.

The closet approach of the Ulysses spacecraft to Jupiter

will occur on February 8th of 1992. The spacecraft will

approach Jupiter over the north polar cap, pass through

perijove near 6.3 Rj, and exit the Jupiter system over the

southern polar cap. Although Jupiter's trapped energetic

particles will preclude observations near the equator,

observations over the north and south poles will be possible

be{k)re and after closet approach.

Results

Model H, band calculations have been matched to the

statistical information concerning ultraviolet emission

intensity and color ratio determined by ten years of IUE

observations ILivengood et al., 199{)1, and the flux and

energy distribution of the incoming elecmms have been

calculated. These calculated electron beams have been used

to compute bremsstrahlung X ray fluxes, which serve as the

predictive data set for the Ulysses GRB observations.

The specification of the precipitating electron spectrum

is of the form J(E)=J,,e(E/E,, e) exp(-E/Eo_,), where the

parameter J_,,, specifics the differential flux (cm-' s ' keV ')

and Eop the characteristic energy (keV) of the precipitating
electrons. Since the IUE observations show that both the

intensity and the color ratio are strong functions of the S,,,

longitude, we have modeled these observations using three

independent sets of primary electron parameters which

correspond to ultraviolet observational values at 0, 15(), and

18{) degrees S,u hmgitude in the northern auroral zone

(NAZ). The elecmm beam parameters and the associated

ultraviolet characteristics are given in Table 1I for the three

cases. The color ratio has been calculated at two zenith

view angles, 0 and 6() degrees. The effect of doubling the

hydrocarbon density (6{)" zenith view angle) results in a 11
to 19g. increase in the color ratio due to differential

methane absorption, as discussed above. The calculated

variance of the color ratio illustrates the sensitivity of the

calculation to the view angle of the ulUaviolet observation

and gives some idea of the sensitivity of the calculation to

the chosen uTodel atmosphere. Values of the H 2 band

intensity and color ratio for the three cases have also been

spline-fit to produce a model curve which can be compared

to the Livengood ctal. 11990] IUE observations. The

results of that fit are shown in Figure 1. In Figure l(a),

auroral H, baud intensities have been integrated over the

restricted spectral range 1557-1619A. (a rough comparison

TABLE I. Ulysses GRB Sensitivities

Channel Energy Channel Sensitivity

No. (keV) (Photons cm _ sl eV _)

1 18.1 - 31.1 9.g X 1() 7

2 31.1 - 43.5 1.0 x lll"

3 43.5 - 56.{I 9.3 x 1(17

4 56.0 - 68.4 7.7 x 10 7

5 68.4 - 80.9 6.2 x I() v

7_
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TABLE II. Model Parameters and UV Properties

85

S w Energy

Longitude Eoo Flux H 2 Bands
(degrees) (keV) (erg cm 2 s 4) (kR)

Color Ratio

(zenith angle)

Ca_ 1 l) 20 2.8 21.9

Case 2 150 37 9.8 83.2

Case 3 18(1 45 12.1 105. l
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Fig. 1. (a) Intensity and (b) color ratio distribution of the

H 2 extreme ultraviolet (EUV) auroral emissions. In Figure

l(a) the H 2 EUV emission intensity in kilorayleighs is

integrated over the range 1557-1619 ,_.. In Figure l(b) the

intensity in the wavelength range 1557-1619 /k has been

divided by the intensity in the wavelength range 1230-131X1

*. In (b), the dashed line is the color ratio value li)r an

tmattenuated spectrum of H, excited by impact of 100-eV

electrons; points below this line are plotted as diamonds.

The crosses represent the median error bars in longitude

and intensity/color ratio for the 60" width centered on each

cross. The uncertainty in intensity and color ratio is

computed from the camera noise level. The error bars

shown here do not include any estinaation of possible

systematic error as a consequence of erroneous subtraction.

The solid lines in both figures are the present model results.
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of this restricted intensity/wavelength integration to the total
integrated H2 Lyman and Werner band intensity given in

Table II can be obtained by multiplying by 9.1). The fit
appears quite good apart from a phase shift of the color
ratio in Sut longitude; this could be removed by adjusting

the characteristic beam energy, Eop, a process not warranted
given the present uncertainties of the auroral atmosphere.
A likely explanation for this effect is that the time-
dependent, atmospheric composition is modified by the
precipitating electrons, leading to a characteristic lag in SzH

longitude of the peak hydrocarbon absorption.
Finally, the X ray fluxes that result from the two extreme

electron precipitation cases (case 1:0 to 120 degrees S][[
longitude in the NAZ and case 3:180 degrees Sm in the
NAZ) are shown in Figure 2. The X ray intensity as a

function of photon energy is plotted for an auroral zone
emission size 5000 by 10,000 km observed from a distance

of 10 Rj. Also plotted on the figure is the sensitivity of
several of the GRB energy channels for similar viewing
conditions and an integration period of 100 minutes.

Conclusions

The results plotted in Figures 1 and 2 indicate that if the
ultraviolet auroral emissions are due to precipitating
electrons and the Jovian aurora is sufficiently active (this
must be determined by simultaneous EUV observations

which will be carried out by the Hubble Space Telescope),
then the Ulysses GRB experiment should be able to
measure the bremsstrahlung X ray spectrum and place firm

constraints on both the precipitating electron flux intensity
and energy spectrum. Furthermore, observed Sm longitude
variations in the spectrum can be used in conjunction with
the ultraviolet intensity and color ratio values from HST to

determine the vertical hydrocarbon structure in the polar
stratosphere of Jupiter. On the other hand, if the major
precipitating particles are heavy ions, then GRB would
detect nothing since its lowest energy channel at 20 keV is

above the threshold for both sulfur and oxygen K-shell
emissions.
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Abstract

Goertz [1980] proposed that the Jovian auroral emissions observed by Voyager

spacecraft could be explained by energetic protons precipitating into the upper atmosphere

of Jupiter. Such precipitation of energetic protons results in Doppler-shifted Lyman alpha

emission that can be quantitatively analyzed to determine the energy flux and energy

distribution of the incoming particle beam. Modeling of the expected emission from a

reasonably chosen Voyager energetic proton spectrum can be used in conjunction with

International Ultraviolet Explorer (IUE) observations, which show a relative lack of red-

shifted Lyman alpha emission, to set upper limits on the amount of proton precipitation

taking place in the Jovian aurora. Such calculations indicate that less than 10% of the

ultraviolet auroral emissions at Jupiter can be explained by proton precipitation.



Introduction

The first theoretical estimate of the contribution of proton precipitation to Jupiter's

aurora was offered by Heaps et a1.[1975]. A further theoretical study based on in situ

observations of the Voyager plasma and fields experiments suggested the presence of

strong proton aurora on Jupiter's night side [Goertz, 1980]. However, since the time of

Goertz's original Voyager-inspired analysis, additional evidence has been gathered for the

contribution of heavy ion ( S_ and O _ ) precipitation, both from in situ observations of

energetic ion losses in the middle magnetosphere near the Io plasma torus [Gehrels and

Stone, 1983] and from inferences about the energy required to produce auroral X rays with

the intensity observed by the Einstein X ray telescope [Metzger et al.,1983]. The efforts to

establish the identity of the precipitating auroral particles have been complicated yet further

by the lack of S and O recombination lines in the FUV H2 auroral emission spectrum,

which suggests that the FUV aurora are largely electron-excited [Waite et al., 1988]. It

therefore appears that many different kinds of charged particles may be contributing to the

excitation of Jupiter's various auroral emissions.

This paper reports on theoretical calculations of the Lyman alpha line shape

expected from proton precipitation impinging on the H 2 atmosphere in the Jovian auroral

zone and compares these predictions with high-resolution Lyman alpha line profiles of the

Jovian aurora obtained by Clarke et al. [1989] using the International Ultraviolet Explorer.

These comparisons are used to determine the role of protons in these auroral emissions.

Meinel [1951] used ground-based high-resolution spectroscopy of Doppler-shifted Balmer

(H alpha ) emission to study the contribution of proton precipitation to the Earth's aurora

(cf. Rees, 1989). Similar techniques were applied by Clarke et al. [1989] to study the

Jovian aurora using high-resolution Lyman alpha spectra taken with the IUE telescope. No

red-shifted Lyman alpha emission with wavelength shifts as expected from energetic

protons was observed. However, blue-shifted emissions resulting from fast atomic

hydrogen with ten's of eV of translational energy were observed to make up around 50%

of the auroral Lyman alpha emission. The lack of significant red-shifted emission suggests

that protons are not the primary precipitating particle responsible for the bulk of the

observed ultraviolet aurora at Jupiter. On the other hand, the presence of significant blue-

shifted emission suggests significant energization and outflow of protons and H atoms

and/or significant thermospheric winds as a result of auroral energy dissipation. For

further discussion of the blue-shifted emission we refer the reader to Clarke et al. [1989]

and Clarke et al. [1991] and for present purposes we concentrate on using the lack of

significant red-shifted Lyman alpha emissions to set limits on the energy flux of allowable

proton precipitation into the Jovian auroral atmosphere.

The Model

The model employs a continuous slowing-down approximation for an equilibrated

beam of energetic hydrogen atoms and protons incident on H2. The energy loss is given

by



d_-_zl =nH(Z) Lu(E ) sec(0),

where LH(E) is the total energy loss function in H2at energyE, theta is the meanpitch
angleof the incoming particleswith respectto the vertical, and nm(z) is the number
density of H2at altitude z. The energy loss function for protons in H2as a function of
energyusedin the model is that of Andersonand Ziegler [1977].

Two processesfor the production of Lyman alphaphotonsby the interaction of the
beamwith the H2 atmosphereareconsidered:

H ÷ + H 2 ---> H* + H2+ (I)

H + H 2 ---> H* + H 2 (2)

Both protons and hydrogen atoms are present in the beam since electron stripping and

charge exchange processes between the energetic beam and the H 2 gas are constantly

modifying the charge state of the beam (ie.. the H÷/H ratio). Due to the energy

dependence of these cross sections the beam changes charge state fraction as it dissipates

energy in the H 2 atmosphere. The energy-dependent proton-to-hydrogen atom traction used

in this calculation is taken from the work of Allison [1958]. Cross sections for production

of Lyman alpha by process (1) at energies below 10 keV are taken from the work of Van

Zyl et al.[19901 and above 10 keV from extrapolating using the energy dependence of the

ionization cross section as measured by Birely and McNeal [1971].

Cross sections for process (2) are taken from Van Zyl et al. [1990]. Once again a

reasonable extrapolation with energy above 10 keV is added on to model processes at

higher energies. These cross section values for processes (1) and (2) are shown in Figures

la and lb, respectively. An estimate of the beams interaction with the dissociated (atomic)

hydrogen component of the suggest that less than 5% of the emission can be attributed to

such a source since at the altitude of maximum H+/H beam energy deposition nil," z_ n H.

The volume production rates as a function of altitude and energy were calculated by

introducing an incident proton/hydrogen beam with a known flux within a specified energy

bin. Each beam was then individually tracked as it deposited its energy within the

atmosphere. The charge state of the beam (ie., proton to hydrogen ratio) was determined

from the beam energy at each altitude step and the volume production rates for processes

(1) and (2) were calculated at each altitude during the process of ion beam dissipation

using the formulas

VP H. (z, Einit,Ez) = nH(z ) fn(Ei.it,Ez) t_(l) (Ez)

VP n (z, Ei.it, E _) = ntt (z) fH(Einit, Ez) _(2_(Ez)

where: VP_ (i=H ÷ or H) is the volume production at altitude z, initial beam energy E_._,,

and present beam energy at altitude z given by E_, f_., is the i=H ÷ or H flux from the initial

beam of energy Em_t now at the altitude - dependent energy E_, and _ is the cross section



for Lyman alphaexcitation by processi=(1) or (2) at energyEz. The contribution to the
Lyman alphaproduction as a function of energy and altitude is binned to allow
computationof the Doppler-shiftedLyman alpha line profile. The production of Lyman
alphathat results from secondaryelectronproduction is not included in the present
calculationsince theseemissionsarecreatedvirtually in the rest frame of the background
gasand thus do not contain an observablered-shift.

A precipitatingenergeticproton spectrumis modeledby taking the Jovian
magnetosphericproton spectrumfrom the Voyager LECP dataof Krimigis et al. [1981],
scaling it to the desiredenergyflux, and introducing it into the top of the atmosphere(see
Figure 2). The model H2atmospherewas taken from the earlier auroral electron modeling
of Walte et a1.[1983]and is shownfor referencein Figure 3. Also shownin Figure 3 is
the approximatealtitude rangefor the Lyman alphaemissionsourceand an approximate
indication of the methanehomopausebelow which CH4absorptionof Lyman alphacould
affect the results. The beamflux hasbeennormalizedto producean integratedenergyflux
of 20 ergscm2 s_' which is approximately the flux that would be required to produce the
observedH2Lyman and Wernerband systems,UV emissions[Horanyi et al.,1988]. A
meanangleof 30° betweenthe magneticfield direction and the IUE view direction was
adoptedfor theobservationalviewing geometry. The broadeningof the line emission from
the "actual" pitch angle distributionsof the ions (and chargeexchangedneutrals)were not
accountedfor, but were not expectedto add considerablebroadeningbeyondthe effects
broughton by the assumedinitial beamenergydistribution and subsequentenergydecay
within the upperatmospherewhich are properly accountedfor by thesecalculations.

Results and Conclusions

Red-shifted emission intensities that results from a proton distribution with a total

energy flux of 20 ergs cm -2 s -t are shown in Figure 4 along with representative IUE Lyman

alpha spectra from Clarke et al. [1991]. The location of the peak of the red-shifted Lyman

alpha emission is determined by the convolution of the energy dependence of the Lyman

alpha production cross sections at low proton/hydrogen energies and the tail at longer

wavelengths (above 1220A) is directly related to the initial beam distribution. The location

and shape of the red-shifted Lyman alpha peak from our calculations has been compared to

similar observations of terrestrial Lyman alpha from the auroral zone [Ishimoto et al.,

1989[ and has been shown to be consistent with their results. Not shown in this figure is a

15-30kR Lyman alpha emission at line center (1215.7/_,) which would result from

secondary electrons produced by the beam atmosphere interaction impinging on

atmospheric H and H2. These secondary electron-generated emissions were not explicitly

calculated since they result in no "red-shifted" emission. Such emissions would be easily

observable by the IUE telescope. Clarke et al. [1989] did not, however, observe such

emission intensities at these wavelengths. Clearly, therefore the observed aurora does not

contain a proton energy flux large enough to produce the observed H2 Lyman and Werner

bands. However, a smaller flux of protons is possible given the constraints of the IUE

Lyman alpha line profiles. The upper limits of proton precipitation allowed by the

observations can be calculated by retaining the same form of the proton energy distribution



asdescribedaboveand by scalingdown the energyflux to matchthe levels of red-shifted
emissionseenin the observations. Comparisonof the observationswith the model line
profile suggestthat protonscomprise5% or lessof the particlesresponsiblefor the bulk of
the Jovian ultraviolet aurora[cf., Broadfoot et al., 1981]. We note, however, that these
resultsare weakly dependenton the energyspectrumof the precipitating protons. Given
the presentavailabledataand the model, it is difficult to envision a scenariowhereprotons
would be responsiblefor over 10%of the observedauroral ultraviolet emission. More
energeticproton beams(>> 1 Mev) that deposit the bulk of their energybelow the
hydrocarbonabsorptionlayer are not ruled out by the presentobservations,but they also
cannot contributeto H2 bandultraviolet auroral emissions.

The resultsreportedhere setuseful constraintson magnetosphericprocesses
responsiblefor auroral particle precipitation and add yet a further pieceto the ongoing
puzzleas to the identity of the particlesresponsiblefor Jovian auroral observations.
Perhapsin situ confirmation of theseresultswill be possibleduring the high-latitude
encounterof Ulysseswith Jupiter in January-Februaryof 1992. In addition, high-resolution
spectraat Lyman alphaby HST may provide additionalobservationalconstraintson auroral
proton precipitation.
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Figure Captions

Figure 1: Cross sections for Lyman alpha excitation of a) protons on H 2 and b)

hydrogen atoms on H 2 taken from the work of Van Zyl et a1.[1990].

Figure 2: Detailed spectral fit to the low-energy ion channels. Plotted (closed

circles) are the intensities measured in sector f (-90 ° from convection direction) of the

PL02-PL07 channels. In this direction, the detector response is thought to be due to

protons only. The dotted curve shows the thermal distribution obtained using parameters

listed in the figure. The dashed curve indicates a power law fit with a spectral index of

2.8. The closed square is from the LEPT detector channel which is sensitive only to

protons. [Krimigis et al., 1981].



Figure 3: H2 modelatmospherealtitude profile from Waite et a1.[1983]. Also
indicated on the figure are the altitude of the doppler shifted Lyman alphaemissionand the
approximatealtitude of the methanehomopausebelow which altitude Lyman alpha
absorptionby methanecould significantly affect our results.

Figure 4: The brightnessnumbersas a function of wavelengthfor both the model
and the IUE SWPspectra(December.1986). The brightnessnumbersassumethat the
emitting region is an auroral zonewhich is diffuse East-West(i.e. fills the 9 arc second
large aperture)and is lessthan the IUE spatial resolution of 5 arc secondsNorth/South(i.e.
is unresolved). Figure 4(a) showsthe IUE SWP 29880 spectradatacomparedto a proton
auroraenergyflux of 20 ergscm2st which is roughly that requiredto accountfor the H2
Lyman andWerner bandemissionsthat were observed. Figure 4(b) showsa comparison
of new IUE SWP spectra44340and 44342with a 5% intensity of the 20 erg cm2s_ aurora
(1.0 ergscm-2sq) to illustrate the emissionallowed by the presentobservations.
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Introduction

Over the past two years several Lyman alpha line profile spectra of Jupiter have been

obtained using the International Ultraviolet Explorer (IUE) telescope facility. Several different

regions of the planet have been observed including the auroral zone [Clarke et al., 1989], the

low and mid latitudes [Clarke and Gladstone, 1990], and the equatorial region which includes

the Lyman alpha bulge region [Clarke et al., 1991]. These results have presented a very

interesting, but yet understood picture of atomic hydrogen at Jupiter with explanations that

range from ion outflow in the auroral zone to large thermospheric winds at low and mid

latitudes. New data are needed to address the outstanding questions. Almost certainly, high

resolution spectra from the Hubble Space Telescope will play a role in new observations.

Better data also require better models and better models new laboratory data as inputs. The

purpose of this letter is two-fold: 1) to introduce a method by which the new laboratory

electron impact measurements of H 2 dissociation of Ajello et al. [1991] can be used to

calculate both the slow and fast H(2S) and H(2P) fragments in an H 2 atmosphere, and 2) to

determine the predicted Lyman alpha line shape that would result from electron impact

production of these dissociative fragments in the Jovian auroral zone.

Determination of Electron Impact Produced Hz Dissociative Products

The calculation of fast and slow H(2S) and H(2P) rely heavily on the new cross section

presented in Ajello et al. [1991]. In this letter, we reproduce Table 1 and Table of the Ajello

et al. paper as reference and provide a cook book method for using that information to

construct production rates for fast and slow H(2S) and H(2p) production from electron impact

on Hv

. Slow H(ZP) production due to singlet and triplet Hz excitation is found by

simply adding together the fit parameters from Table 1 [Ajello et al., 1991] for

processes 1, 2, and 3.

, Slow H(2S) production was calculated using the derived values of H(ZP)/H(21)

for energies above 50ev of 59% from the Ajello et al., [1991] experiment.

. Fast H(2P) production due to doubly excited states is found in a similar manner

by adding the cross sections from processes 4, 5, and 6 of Table 1 of Ajello et

al. together.

, Values found in Table 2 of the Ajello et al. reference were then used to deduce

a value of for the H(2S) relative to the H(2P) production for fast H(2S)

production. The number is 0.82.



The Model and Results

The results of the above determination of electron impact produced H z dissociative

products provides production rates for fast and slow H(2S) and H(ZP) when included in the

context of an electron transport calculation of the auroral energy dissipation. This was

accomplished by inclusion of the H 2 dissociative production rates in the two -stream electron

transport equation which has been used in the past to model Jovian electron aurora (cf,, Waite

et al., 1983). The precipitating electron energy spectrum was specified by the equation:

J(E) = Jop (E/Eop) e_ where Eop = 100 keV and J = 10 6 cm -2 s-l keV _.

This results in an integrated electron energy influx of 10 ergs cm 2 S-t which is sufficient to

explain the bulk of the H 2 Lyman and Werner band emissions observed in the Jovian aurora

if the particles are indeed electrons. The resulting production rate profiles for the fast and

slow H', H2 Lyman and Werner band, and direct excitation of atomic hydrogen by electron

impact as a function of altitude are presented in Figure 1.

These production rate profiles were then used as inputs into the radiative transfer model

of Gladstone [1982] to produce a Lyman alpha line profile as viewed from the top of the

atmosphere. The line profile is shown in Figure 2 where we have labeled the various

contributions independently: 1) e + H2(slow) is the solid line, 2) e+ H2(fast) is the dotted line,

and 3) e + H is the dashed line. Here we have assumed that all H(2S) is rapidly turned into

H(2p) by collisions with H v a good assumption for the energetic electron beams chosen which

deposit their energy near the homopause at a pressure level of 0.1 millibars.

Conclusions

Although the line broadening produced from including fast H 2 dissociative fragments

from electron impact cannot explain the highly broadened features indicative of the present

data sets, high temporal, spatial, and spectral resolution data from HST must include these

processes in future quantitative models. Inclusion of this data in future models will allow

quantitative estimates of winds and atmospheric turbulence to be determined from this high

resolution data. Such an understanding of the atmospheric dynamics of the Jovian auroral

zone is crucial to determination of the global structure of the Jovian thermosphere due to the

dominance of the auroral energy input over solar EUV processes (> a factor of 10, cf. Waite

et al., 1983).
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Figure Captions

Figure 1: Lyman alpha production rates from all electron impact processes on H 2 and

H as a function of altitude for the 100 keV auroral case.

Figure 2: Lyman alpha line profile, intensity in kilo Rayleighs per angstrom as a

/'unction of relative wavelength from line center.
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APPENDIX E



Muitispectral Observationsof the Jovian Aurora

Introduction

The upper atmospheres of the Earth and the outer planets lbrm a screen on which

precipitating charged particles, like the electron beam in a television, trace fleeting, but revealing

patterns of visible, ultraviolet, infrared, and x ray emissions that offer valuable clues to processes

occurring within the planetary magnetospheres. At Earth, years of in situ measurements, as well

as ground based observations, have yielded a picture (still fuzzy) where the interaction of the

solar wind with the magnetosphere of the Earth provides a complex path for the storage and

release of energy during magnetic substorms; the ultimate manifestation of terrestrial auroral

processes. More recent global imaging of substorm events from high above the Earth (> 3.5 Re)

by Dynamics Explorer have made a unique contribution towards understanding the global and

temporal evolution of such auroral events by providing a morphological perspective and by

providing the crucial observational link that allows the separation of spatial and temporal

variations inherent in the interpretation of in situ data. A similar role was played by the Hubble

Space Telescope (HST) during the recent encounter of Ulysses with Jupiter February, 1992 in

helping to define a new paradigm in Jovian auroral physics. The old paradigm portrayed Jupiter's

magnetosphere as totally dominated by internal processes (ie. Io related tori, heavy ions, etc.)

where energetic heavy ion precipitation in the inner magnetosphere was solely responsible for

the observed auroral phenomena. Ulysses and HST portray a more Earth-like paradigm where

electron acceleration in the outer magnetosphere near the boundary with the solar wind plays a

distinct role in the formation of auroral hot spots, yet energetic heavy ions also enter into the

picture [this paper; Dols et al,, 1992] (similar to the role of the energetic ions from the terrestrial

ring current during magnetic substorms). These heavy ions as a result of excitation during their

transit through the atmosphere produce the x ray emissions observed in Roentgensatellit

(ROSAT) x ray energy spectra.

The ultraviolet spectrometers on the Voyager 1 and 2 spacecraft [Sandel et al., 1979;

Broadfoot et al., 1981] and the International Ultraviolet Explorer (IUE) spacecraft [Clarke et al.,

1980; Yung et al., 1982] observed intense H_, Lyman and Werner band emissions from the Jovian

atmosphere at high latitudes, thus providing evidence for auroral particle precipitation at Jupiter.

Observations in the infrared [Caldwell et al., 1980; 1983] showed spatial dependencies similar

to those at ultraviolet wavelengths. X ray emissions were seen by the High Energy Astronomical

Observatory 2 (Einstein) in the Jovian auroral zone [Metzger et al., 1983]. Taken together, these

observations provide indications of an aurora more than 100 times more powerful (>10 _3Watts)

than Earth's, which has a strong influence on the high-latitude structure, dynamics, and energetics

of the upper atmosphere of Jupiter.

Earlier observations of the Jovian x ray aurora [Metzger et al., 1983] and in situ

measurements of energetic oxygen and sulfur [Gehrels and Stone, 1983] indicated that energetic

sulfur and oxygen were precipitating into the high-latitude Jovian atmosphere and were largely

responsible for the observed ultraviolet auroral emissions. Building on the earlier work

concerning electron aurora [Waite et al., 1983], Horanyi et al. [19881 developed a quantitative



model of the interactionof energeticoxygenions and atomswith an H2,H atmosphere.The
model resultsindicatedthat sulfur and oxygenemissionsin the ultraviolet at 1256and 1304
angstromsshouldbedetectablewith theIUE UV telescope.Subsequentobservationsandanalysis,
however,showedno detectableemissionat 1304angstromsand anuncertaindetectionat 1256
angstroms[Waite et al.. 1988].This leadWaite andcolleaguesto concludethat the bulk of the
observableUV auroral emissionsare probably due to electronsand that the ions that do
precipitatearequiteenergetic(>300 KeV/nucleon)andare responsiblefor thex ray emissions,
but do not makea significant contributionto theultraviolet auroralemissions.

The conclusion of Waite et al. [1988] was not readily endorsedby the Jupiter
magnetosphericcommunity, which continued to embracethe dominant role of heavy ion
precipitationasasourcefor theJovianaurora.Until recentlylittle new observationalinformation
was available to allow a re-examinationof the energeticion paradigm.However, the recent
Ulyssesencounterwith JupiterandthecoordinatedHST auroralimagingcampaignreportedin
this paper presentnew evidencefor an expandedrole for electronsand associationof the
ene_etic electron source with the Jovian magnetopause boundary. In addition, ROSAT

observations confirm the role of energetic heavy ions in x ray production, but suggest that the

source is limited to energies greater than 300 KeV/nucleon and as suggested by Waite et al.

[1988] comprises only a fraction of the measured ultraviolet emission. Thus, a new paradigm of

Earth-like auroral processes appears to be emerging from these exciting new results.

Hubble Space Telescope Faint Object Camera Images: Observations and Analysis

Three separate HST investigations were scheduled and carried out with the FOC using

three different filter sets. They were: 1) Caldwell et al. (F140W & F152M), 2) Paresce et al.

(FI20M &F140W), and 3) Stern et al. (F130M & F140W). The observations were obtained from

February 6-9, 1992 in the four days surrounding the Ulysses spacecraft's closet approach to

Jupiter. The images reported here are from the Stern, McGrath, Waite, Gladstone, and Trafton

investigation using the FOC in a I796 512 by 512 pixel mode (F96N512) with filters F130M and

F140W that have a peak spectral response near 1280 angstroms. The field-of-view was 11 x 11

arcseconds and the exposure time for each of the eight images was 18 minutes. The center of the

field-of-view was offset 20 arcseconds toward the appropriate Jupiter rotational pole during each

observation with a pointing accuracy of approximately 1 arcsecond. For a point of reference

Jupiter's polar radius during the time of these observations was approximately 20.54 arcseconds.

A summary of the images obtained is shown in Table 1 where we have listed the time of

observation, the S_Hlongitude of the central meridian at the midpoint of the observation, the pole

observed, the intensity of noticeable features in the image, the emission area, and a rough

estimate of the range of the emission power (taking into account the low signal to noise ratio of

the data, the difficulty in determining the physical area of the emission, and the uncertainties due

to atmospheric absorption).

The determination of the auroral emission power requires that a convolution of the FOC

wavelength dependent quantum efficiency (QE) and filter response functions be convoluted with



the auroralH, H,_spectrum.This was accomplishedby modeling both the altitude dependent
LymanalphaandH2Lyman andWernerproductionrateprofiles ]Waite et al., 1983]assuming
alow latitudehydrocarbonverticaldistribution[GladstoneandSkinner,19891andaprecipitating
electron spectrumconsistentwith thoseobservedby Ulysses in the outer magnetosphere
[Lanzerottiet al., 1992]andextendedclownto energiesof 20 KeV (below thedetectorthreshold
of 44.9KeV) with thesamepower law slopein thedistribution.Theextensionto lowerelectron
energieswasperformedto matchthe H2bandcolor ratio (a measureof the lower energyextent
of the precipitatingelectron distribution for a specified methanevertical profile) generally
observedin theJovianauroralzone[Yunget al., 1980;Waiteet al., 1988].Theseproductionrate
valueswerethenusedasinput to a radiativetransfercode [Gladstoneand Skinner,1988] (for
outputseeFigurela) andthenpassedthroughanFOCQE/filter responseto producethesynthetic
spectrumseenin Figure lb. As you can seethe F130M F140W filter pair respondsto both
Lyman alphaandWernerbandemissionnear 1280angstroms,whereasthe Paresceimagesare
moresensitiveto LymanalphaandtheCaldwell imagesto Lymanemissionnear1580angstroms.
The latterwavelengthregion is lesssusceptibleto methaneabsorption,thus it's specificationin
the upperwavelengthrangeof the Yung et al. [1980] H,_bandcolor ratio:

CR= Intensity(1557-1619angstroms)/Intensity(1230-1300ang.)

A comparisonof therelativespectralresponsesof thethreedifferentfilter combinationsis shown
in Table2. In orderto verity that thisapproachfor determiningthe integratedauroralflux from
thelimited bandpass130M 140Wcombinationwasnot overlysensitiveto theassumedmethane
vertical profile or to theassumedelectronenergyspectrumusedin themodelingwe repeatedthe
QE/filter convolutionwith a measuredIUE Jovianauroralspectrumandgot the sameresult to
within 20%.We thenusedthe predictedFOC count ratesandcomparedthemto the measured
ratesalongwith constantsthatdefine the telescope's effective area to estimate the power influx

levels required to produce the observed auroral emissions (shown in Table 1).

Two images of the north auroral zone (NAZ) and six images of the south auroral zone

(SAZ) were obtained over the 4 day span. Five images (1 of the NAZ, 4 of the SAZ) showed

emission (>1 sigma) above the image dark count. These five images are shown in Figures 2a and

2b. The image has been processed using a 10 pixel box car average and the color bar has been

dynamically stretched to provide a common intensity representation from image to image while

at the same time maximizing contrast in the low signal to noise level images. The average

background count rate in the five processed images was 0.598 +/- 0.088 counts per pixel, whereas

the count rate on the planet without auroral emission was 0.0654 +/- 0.094 counts per pixel. This

suggest, as the images indicate, that there is no statistically visible planet limb to aid in

interpreting the planetary coordinates. The limb and auroral zone overlays that are shown are

determined by constructing a planetary coordinate grid and two sets of auroral zones: 1) L=6,

associated with the It plasma torus, and 2) L=infinity, associated with the last closed

magnetospheric field line using the 04 magnetic field model [Acuna and Ness, 1976] and an IDL

program written by Dr. Tim Livengood to process IUE spectra from Jupiter. The finite spread

to the auroral zones shown are simply due to the rotation of the planet during the 18 minute

exposure. Peak count rates on the images lie between 0.88 and 1.67 counts per pixel which
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correspondsto auroralintensitiesbetween20 and5(1kiloRayleighs(kR), yet the low sensitivity
of the dual filter FOCcombinationsetsa detectionthresholdrangebetween10and 20 kR. As
suchonly thebrighterauroralfeaturesarevisible in the imagesandlow emissionintensitiesover
largeareascanmasklargeuncertaintiesin theauroralpower(SeeTable 1; imagefeatures101b,
101c,302b,and 402b wherean attempthasbeenmadeto estimatethe emissionuncertainty
associatedwith diffuseemissionsover largeareas.The selectedregionsareshownin Figure 3
wherea 10by 10block averagerepresentationof the imagewith a box overlaydesignatingthe
selectedareasare shown and Table 3 where the averagecount values and their associated
uncertaintiesarelisted.)

The NAZ image(image#101in Table I) showsa bright centralfeatureneartheCentral
MeridianLongitude(CML= 163-173degreesSmlongitude)andthereforea reasonableestimate
of the Smlongitude of the emission featurecan be estimatedand lies between 160 and 173

degrees. The bifurcated nature of the source can be explained by either spatial (5 degrees of

longitude) or temporal (10 minutes, due to planetary rotation during the exposure) variability in

the source. The bright source location (image #101a) is most consistent with a middle

magnetospheric source (halfway between L=6 and the last closed magnetospheric field line), but

a pointing uncertainty of about I arcsecond (the size of the marker for celestial N and E) spans

the range of auroral zones considered and makes the designation tentative at best. Some weaker

emission (image #101b) poleward and westward of the central bright spot is just barely visible

above the background as is the area (#101c) to the east of the bright central spot. These areas

may represent a weaker "polar oval" emission that is more clearly seen at longer wavelengths in

the images of Caldwell et al. (EOS,??). The other NAZ image (#102) suffers from a high noise

level that negates meaningful analysis.

The first SAZ image is (image #201 from Table 1). In this image most of the emission

appears to lie along the limb of the planet, thus making it difficult to estimate the longitudinal

position and intensity of the emission. The CML of this image is 43 degrees Sr_i. Most of the

emission appears to lie near a longitude of 180 degrees (#201a, westward edge of auroral zone),

but another weaker (?) zone appears near 0 degrees (#201b, eastward edge of the auroral zone).

However, image #202 taken 1 hr 27 mn later at a CML longitude of 95 degrees shows emission

from the center of the imaged auroral zone (near 100 degrees) and suggests that significant

changes in the auroral zone morphology occurred in the intervening time period. The extent of

the limb emissions are most consistent with an auroral zone size which corresponds to the

boundary of the last closed field lines (ie., maps to near the magnetopause boundary). The

intensities listed in Table 1 for this image are uncertain due to the presence of limb brightening
effects.

The image pair 301 302 provide information about the temporal variability of the auroral

emissions. Image #301 (CML=5 degrees) shows no detectable emission above the background.

Whereas, image #302 (CML=56 degrees) shows a bright emission feature between 20 and 30

degrees; a region that should have been clearly visible if present 1 hr 28 mn earlier in image

#301. This suggest over a factor of three variation in the auroral intensity during the time period

spanned by these two images. Image #302 is also particularly interesting from a Ulysses
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encounterpoint of view, sinceat the time of the imagethe HISCALE experiment[Lanzerottiet
al., 1992]hadjust beenturnedon after closetapproachandwasobservingprecipitatingenergy
fluxesof electronson theorderof 1ergcm2 s1 (-20 kR of emissioncorrespondingto light blue
areasjust above the background)at the dusk edgeof the planet (S)II-305degrees,L-16).
Although the conjugateauroral point is just off the field of view of the image a duskward
extensionof thediffuse auroralemissionseensurroundingthecentralbright spot in an auroral
bandat L>16 is of a consistentbrightestand location to correspondto the measuredelectrons
of HISCALE. Again as in image 201 the auroral zone is more consistent with a mapping to

L>15, yet here again pointing uncertainties must be carefully considered. Once again as in image

#101 the complex structure of the central bright emission features can be explained by a

combination of temporal and spatial structure of the auroral precipitation zones. As a matter of

fact in image #302 some of the structure must be spatial because the large separation (>1

arcseconds) of hot spots cannot be explained by rotation of a time variable source alone.

Finally the image pair 401 402 again illustrate both the temporal and spatial variability

of the source. No detectable emission above background is seen in image #401 (CML=350-360

degrees), but 1 hr 26 mn later an emission (image #402a) appears near 300 degrees CML; a

longitude range that should have been visible in image #401. The magnetic latitude in 402 is

again more consistent with auroral emission that maps to the magnetopause boundary than with

emission that maps to the Io plasma torus.

HST FOC Images: Discussion

A major consideration in placing these HST FOC images in the context of past Voyager

UltraViolet Spectrometer (UVS) and International Ultraviolet Explorer (IUE) observations is the

low signal to noise ratio of the images and the resulting sensitivity threshold between 10 and 20

kR of emission over large areas of the high latitude region which would not be visible above the

background. Clearly these images are a high spatial resolution tracer of the variations in the

auroral bright spots and not as good of an indicator of the more diffuse auroral emission or

correspondingly of the total auroral power output. Integrated power numbers for the input power

required to produce these bright emissions range from 10 _° to 10 lz Watts in both the SAZ and

NAZ. However, if we assume that a 20 kR band from 65 to 85 degrees may exist below the

detection limit of the FOC then up to 4 x 1013 W of input power may be present, but

unaccounted for by the present observations. This also would imply that less than 10% of the

emission is found in the bright spots, whereas Herbert et al.'s [ 1987] analysis of the Voyager data

suggest that between 20 and 30% of the emission is concentrated in the bright auroral emission

regions. Furthermore, Herbert et al. [1987] give estimates of the emitted power (in their Table

2) which can be used to estimate the input power using the emissions efficiencies given by Waite

et al. [1983]. Their results give values for the total auroral power input for Voyager 1 inbound

of 1.2 x 1014 Watts and for the outbound 4 x 10 _3 Watts and an estimate for Voyager 2 of 1.1

x l0 _4Watts. Livengood [1991] has performed an extensive analysis of the IUE Jovian aurora

data set. Using the information from Figure 5.9 of Livengood [1991] and the modeled emission

efficiencies from Waite et al. [1983] we obtain an average auroral H, H__emission power of 4.4

x 1012 Watts (both poles) and an input power of 2.4 x 1013 W with a one sigma variance of -1



X 1013 Watts and individual data points that show up to a factor of six variation in the emitted

power over the span of less than one month. The limited data set of Livengood [1991] spans over

10 years with relatively greater sampling since 1988. but there are no indications of a long term

trend in the auroral power output. Placing the measured and inferred auroral power output of the

FOC images in the context of the UVS and IUE data suggest that: 1) the majority of the emitted

auroral power is in diffuse and weak features below the sensitivity threshold of the FOC. 2) the

auroral output power during the Ulysses encounter was in the range of it's observed average as

determined by IUE (1 to 3 x l013 Watts), and 3) the aurora is randomly time variable on time

scales as short as 10 minutes (given a temporal interpretation of the bifurcation of the bright spot

in image #101), and certainly varies by over a factor of three in brightness on time scales of
hours.

The UVS and IUE data sets also indicate a systematic variation of the intensity of the

auroral emissions in both the NAZ and SAZ as a function of Sin longitude. Although these bright

regions are identified in the FOC data set (image #101 for the NAZ, central bright spot at -170

degrees; image #302 for the SAZ, central bright spot at -25 degrees), the considerable spatial and

temporal variation that occurs in time spans of less than two hours in the set of eight FOC

images reported here suggest a much more complex pattern of variability (at least for the

brightest auroral emissions) and further suggest that part of the systematic variance from IUE and

UVS may be due to geometrical considerations of a large spectrometer slit viewing an increasing

area of diffuse and distributed auroral emission at certain preferred Sm longitudes.

Information on the spectral variations of the Lyman alpha and Lyman and Wemer band

systems cannot be inferred from the single filter set used in the reported FOC images. As a

result, information about the H2 band color ratio as a function of longitude reported by both IUE

and UVS, which gives information on the input particle energy spectrum and/or the changes in

the hydrocarbon atmosphere, cannot be compared at present. However, by mixing the different

images from the three sets of observations it may be possible to draw some conclusions about

systematic variations in the emission spectrum (see Table 3). The one caveat is the high degree

of variability will make any spectral comparison from one image to the next hard to quantify.

The most exciting new piece of information comes from the high spatial resolution that

can be obtained from HST. The small bright discrete sources seen in the data set put obvious

constraints on the magnetospheric processes responsible for the precipitating particles. This

patchy and discrete structure is also present in the observed high-latitude magnetospheric particle

populations observed by the HISCALE particle detector on the Ulysses spacecraft [Lanzerotti et

al., 1992]. Furthermore, the location of the discrete features in latitude (although individually

accurate to one arcsecond due to pointing uncertainties) collectively are consistent with a

precipitating particle origin in the middle (NAZ) or outer (SAZ) magnetosphere, which is again

consistent with the measurement by HISCALE of precipitating electrons in the middle and outer

magnetosphere. The limited data available, however, make a comparison to Voyager UVS derived

auroral zone [Herbert et al., 1987] difficult to carry and further HST observations are needed to

verily the present result. The inference to be drawn from this information is that the Jovian

aurora is more Earth-like than previously thought and that acceleration of electrons carrying field-

aligned currents in the middle and outer magnetosphere may be largely responsible for the
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discreteauroralemissionfeaturesseenby HST in thesouthernauroral zone.

ROSAT Observations

The ROSAT Position Sensitive Proportional Counter (PSPC) acquired nine data segments

between April 23, 1991 and April 25, 1991 that have the Jupiter disk within the field of view.

The times for each segment are listed below in Table 4. Due to the low count rates in each of

the individual data segments the portion of the image which contained the disk of Jupiter (with

a factor of two spatial margin) was extracted from each of the nine data segments, individual

background subtractions using clear sky were performed, and the resulting data was combined

into a single spectra. Therefore no information exist about the possible variation of the spectra

as a function of Jupiter rotational phase. However, the single spectrum has been thoroughly

analyzed in the context of a best fit bremsstrahlung and a best fit two emission line model. The

data along with the results of these best fit models are shown in Figure 4. Please note that the

model fits have been convolved with the proper energy resolution and energy dependent quantum

efficiencies to allow a comparison with the extracted PSPC data. Therefore, the data shown are

not to be interpreted as spectra, but as spectra convoluted with the PSPC response function.

Although, the signal to noise is low in the data set due to the small amount of on-Jupiter

observation time in the present data set, the two line model is clearly a better fit with a chi

square that is over a factor of two better than the best fit bremsstrahlung model (and also a factor

of two better than the best power law fit which is not shown in the figure).

ROSAT Discussion

The total x ray power inferred from the analysis is 1.3 to 2.1 x 109 Watts depending on

whether the model fit assumed is the two line or the bremsstrahlung, respectively. This is within

a factor of three of the 4 x 109 Watts reported from the Metzger et al. [1983] Einstein x ray

observations. The observed comparison is within variations that are associated with changes in

the ultraviolet auroral output [Livengood, 1991]. Furthermore, in agreement with Metzger et al.

we conclude that from bremsstrahlung x ray modeling that the model efficiency (5.6 x 107;

Waite, 1991)suggests that over 3 x 10 L_Watts of auroral electron precipitation would be required

to produce the observed x ray emission from an electron bremsstrahlung source. However, the

factor of two better energy resolution available with ROSAT (as compared to Einstein) also

allows a spectral interpretation of the results. This data as shown in Figure 4 suggests that a two

line emission model produces a better fit (by a factor of two in chi square) than does the best

bremsstrahlung fit. Yet the line model fit has two components, a narrow component near 0.2 KeV

and a broader component centered at 0.9 KeV, which are not consistent with the Metzger et al.

interpretation of S and O K-shell emission at 2.3 and 0.52 KeV, respectively. Reference to the

soft x ray emission tables of Raymond and Smith [1977] does indicate a series of S(VII)

recombination lines near 0.2 KeV and a series of O(VII) recombination lines near 0.9 KeV which

are strong candidates for explaining the observed emissions (see Figure 5). The production of

these emission lines occurs as a result of recombination lines that are produced from the slowing

of the energetic ion beam as it enters the Jupiter upper atmosphere.



Chargestateequilibrium of the ion beamin the atmosphereresults from competition
betweenelectroncaptureand strippingwhich arechargestateand energydependent.

Stripping: S, O+_q_ + H, H_ --) S, O +q + H, H 2 + e-

Capture: S, O +q + H, H_ -+ S, 0 +_q_) + H, Hz +

We estimate that in the electron capture process 10% of the reaction exothermicity goes

into the excitation of recombination lines. If the initial charge states are S(VII) and O(VII) the

resulting emission is in the soft x ray wavelength regime.

Recombination excitation:

S(VIII), O(VlII) + H, H 2 ----) S(VII), O(VII)* + H, H2 +

S(VII), O(VII) * --_ S(VII), O(VII) + x ray

The high charge states necessary to produce these emissions are the result of the incident

ion beam energy and the fact that electron stripping and capture processes result in a rapid charge

state equilibrium being established as the beam encounters the upper atmosphere. This point is

illustrated (Figure 6) for energetic oxygen where we have presented the equilibrium traction of

the various charge states as a function of beam energy (results from private communication with

T. E. Cravens, 1992). The figure indicates that an O(VII) charge state will occur for all ions that

enter the atmosphere with an energy greater than -700 KeV per amu. That such ions exist in the

Jupiter magnetosphere and probably precipitate between L=7 and 10 has been demonstrated using

Voyager data by Gehrels and Stone [1983]. They estimate that between 10 _z and 1013 Watts of

oxygen and sulfur with energies greater than 700 KeV per amu is precipitating into the Jupiter.

This implies that an efficiency of 0.01 to 0.1% is required from x ray recombination processes

to explain the present x ray aurora in a manner consistent with the observed loss of energetic

oxygen and sulfur by Voyager [Gehrels and Stone, 1983]. Such an efficiency appears to be quite

reasonable in the context of the modeling of energetic oxygen aurora at Jupiter by Horanyi et al.

[1988] and detailed modeling calculations are now in progress.

However, we further note that as pointed out by Gehrels and Stone [1983] the observed

energetic ion precipitation does not contain sufficient power to explain the observed ultraviolet

aurora and extrapolations to 40 KeV per amu are required to supply this additional power. Such

an extrapolation is not necessary to explain the observed x ray emissions. We therefore, conclude

that in light of the HST Ulysses results, both electrons and ions play a role in the Jupiter auroral

emissions, but that the bulk of the ultraviolet emissions (and thus a major portion of the power

input) comes from electron processes, which result from processes in the outer magnetosphere

and not from energetic ions precipitating from the middle magnetosphere. Such a scenario forms

the new paradigm of the Earth-like aurora at Jupiter.
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Figure Captions

Figure la. Model Jovian auroral spectrum of the H Lyman alpha and H 2 band emissions.

Figure lb. The convolution of the model spectrum with the wavelength dependent filter and

quantum efficiencies response curves for the HST FOC FI30M/F140W.

Figure 3. Ten by ten block averaged representation of the full set of HST FOC images with

boxes indicating positions of intensity information extraction.

Figure 4. Combined ROSAT PSPC photon energy spectrum and the model curves for a best fit

two line model and a best fit bremsstrahlung model convoluted with the detector response
function.

Figure 5. Two line model fit and the wavelength location and relative intensity of known

recombination emission lines from S(VII) and O(VII).

Figure 6. Equilibrium fraction for O ÷q (q = 0, 8) chaNe state distributions as a function of ion

energy.
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Table 2. Spectra for Caldwell, Stern, and Paresce

BAND

CALDWELL

(FI40W, F152M)

STERN

(F 130M, F 140W)

PARESCE

(FI20M, F14OW)

Lya 0.034 0.340 0.828
1230-1650 0.962 0.648 0.149

1230-1300 0.015 0.385 0.106

1557-1619 0.290 0.010 I).004

Total 1.64E-5 6.21E-6 1.29E-5

(cps/pixel)



Table 3. HST FOC IntensityDetermination

DESIGNATED IMAGE BLOCK

Image 101

IMAGE COORDINATES

IX 1:X2, Y 1:Y21

AVERAGE COUNTS

AND VARIANCE

(per pixel)

101a [16:23, 14:23] 0.95_+0.21

10 lb [ 10:16, 28:38] 0.74_+0.1 l

101c [31:35, 4:10] 0.73_0.10

bcl(101) [5:13, 3:13] 0.63_-+0.09

[off planetl

bc2( 101) [34:44, 34:44] 0.61_-+O.09

[on planet, no auroral

Image 102 no analysis attempted due to high noise level

Image 201 201a [10:18, 25:38] 0.90+0.16

201b [36:42, 2:11] 0.91_+0.12

bc 1(201) [4:14, 4:14] 0.62+0.08

bc2(201) [25:35, 25:35] 0.70_+0.10

Image 202 202 [20:26, 22:28] 0.88_+0.14

bc 1(202) [5:15, 5:15] 0.56_+0.09

bc2(202) [30:40, 30:401 0.60_+0.09

Image 301 no analysis attempted due to low signal level

Image 302 302a /29:37, 7:14] 1.00_+0.16

302b [24:29, 20:29] 0.83_+0.12

bc 1(302) [5:15, 5:15] 0.66_-,-0.09

bc2(302) [30:40, 30:40] 0.77_+0.11

Image 401 no analysis attempted due to low signal level

Image 402 402a [29:37, 4:9] 0.85___0.12

402b [24:29, 17:24] 0.71_+O. 10

bc1(402) [5:15, 5:15] 0.52_-+0.09

bc2(402) [30:40, 30:40] 0.59_+0.08



Table 4. SegmentTimes

START

4/23/91 12:52:32
4/23/91 22:03:42
4/24/91 03:11:37
4/24191 12:51:27
4/24/91 19:00:44
5/24/91 03:10:28
5/24/91 11:15:52
5/24/91 12:42:06
5/24/91 17:22:04

STOP

13:01:55
22:31:58
03:26:58
13:00:54
19:12:41
03:24:53
11:23:17
12:59:11
17:40:20
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Figure 2a. Reduced HST FOC image of the north pole showing bright auroral features and

shading that indicate Jovian magnetic coordinates for Io plasma torus auroral zone low latitude

circle and magnetopause auroral zone smaller inner circle.
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Figure 2b. Reduced HST FOC images of the south pole showing bright auroral features and

shading that indicate Jovian magnetic coordinates for Io plasma torus auroral zone low latitude

circle and magnetopause auroral zone smaller inner circle.
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